In this work, we study the effects of injector nozzle inclusion angle, injection pressure, boost, and swirl ratio on gasoline compression ignition combustion. Closed-cycle computational fluid dynamics simulations using a 1/7th sector mesh representing a single cylinder of a four-cylinder 1.9 L diesel engine, operated in gasoline compression ignition mode with 87 anti-knock index (AKI) gasoline, were performed. Two different operating conditions were studiedthe first is representative of idle operation (4 mg fuel/cylinder/cycle, 850 r/min), and the second is representative of a low-load condition (10 mg fuel/cylinder/cycle, 1500 r/min). The mixture preparation and reaction space from the simulations were analyzed to gain insights into the effects of injection pressure, nozzle inclusion angle, boost, and swirl ratio on achieving stable low-load to idle gasoline compression ignition operation. It was found that narrower nozzle inclusion angles allow for more reactivity or propensity to ignition (determined qualitatively by computing constant volume ignition delays) and are suitable over a wider range of injection timings. Under idle conditions, it was found that lower injection pressures helped to reduce overmixing of the fuel, resulting in greater reactivity and ignitability (ease with which ignition can be achieved) of the gasoline. However, under the low-load condition, lower injection pressures did not increase ignitability, and it is hypothesized that this is because of reduced chemical residence time resulting from longer injection durations. Reduced swirl was found to maintain higher in-cylinder temperatures through compression, resulting in better ignitability. It was found that boosting the charge also helped to increase reactivity and advanced ignition timing.
Introduction
Gasoline compression ignition (GCI) is a novel combustion mode that falls under the broad category of low temperature combustion (LTC) strategies. In this combustion mode, a fuel with low reactivity, such as gasoline, is ignited purely by compression. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Combustion is the result of sequential auto-ignition with negligible flame propagation. 1 Due to this, combustion temperatures, and consequently engine-out nitrogen oxides (NOx) emissions, are quite low. Furthermore, unlike typical diesel combustion, GCI is characterized by low soot emission as well, 1 due to the lower viscosity and higher volatility of gasoline, leading to better mixing of the fuel within the cylinder.
One of the main challenges associated with GCI is stable idle-to low-load operation-brake mean effective pressures (BMEPs) in the range of 0-2 bar-since it is challenging to ignite gasoline purely through compression, due to its low reactivity relative to typical compression-ignited fuels, such as diesel. Charge preparation is critical to ensure that the gasoline-air mixture within the cylinder maintains a high level of reactivity under these conditions. One way to ensure this is through optimization of the injection system as well as injection strategy. In our previous work, 13 we found that there is an optimum start of injection (SOI) timing under low-load conditions, which results in greatest reactivity of the mixture, by being late enough in the compression stroke to avoid spraying fuel into the squish region (and thus reducing its reactivity through heat loss), and at the same time being early enough to provide enough residence time for chemical reactions leading to auto-ignition. Ra et al. 6 performed a numerical investigation into the effect of injection strategy, charge composition, boost, and swirl on GCI performance and emissions.
In the current simulation study, we investigate the impact of injector nozzle inclusion angle and injection pressure on ensuring sufficient reactivity of the charge. We also explore the impact of boosting the intake on increasing reactivity and promoting stable ignition. Additionally, we study the effect of varying the swirl ratio on in-cylinder conditions, and consequent impact on auto-ignition. All studies were carried out using a 1/ 7th sector computational fluid mechanics (CFD) mesh representing a single cylinder of a four-cylinder 1.9 L diesel engine, modified to operate in GCI mode. Two different operating conditions are studied: (a) 850 r/ min, 4 mg fuel/cylinder/cycle, representative of a 0 bar BMEP idle condition and (b) 1500 r/min, 10 mg fuel/ cylinder/cycle, representative of a 2 bar BMEP lowload condition. It must be noted that the CFD model was correlated with experimental data for a low-load condition similar to (b) in our previous work, 13 and the idle condition is presented here as purely a numerical study.
The organization of this article is as follows. First, an overview of the CFD model is provided. This is followed by a description of the operating conditions studied. Then, the results from the four studies in this work are discussed in the following order-nozzle inclusion angle study, injection pressure study, boost study, and swirl ratio study. Finally, in conclusion, a summary of the insights is provided. It must be pointed out that the objective of this work is not to pick an optimum value for these parameters, since that would be useful only in the context of this particular engine geometry. Rather, the motivation is to provide more general and fundamental insights into the impact of these on GCI combustion at idle to low loads-insights that cannot be obtained by experimentation alone.
CFD software details
The CFD software used in this work is CONVERGE version 2.1, 17 a general purpose CFD code for threedimensional (3D) flow simulations, that is used primarily to model internal engine combustion. Models for spray, turbulence, liquid drop dynamics, and combustion are available within this code, and a detailed description of these is provided in Richards et al. 17 In this work, the Reynolds Averaged Navier-Stokes (RANS)-based k-e model is used to model the turbulence. A Lagrangian spray model, based on the ''blob injection'' model of Reitz and Diwakar, 18 is employed, and computational parcels of liquid with size equal to the nozzle diameter are introduced into the CFD domain. Droplet breakup and atomization is modeled using the Kelvin-Helmholtz (KH) and RayleighTaylor (RT) instability mechanism. 19 The No Time Counter (NTC) model of Schmidt and Rutland 20 is used to model the droplet collision. Models for dynamic drop drag 21 and droplet turbulent dispersion 22 are also employed. A multi-component vaporization model 17 is used wherein each constituent liquid fuel species evaporates to the corresponding gas phase species and then reacts. Grid generation is done at runtime with the options of including fixed embedding of cells (increasing grid resolution over the base mesh size beforehand in user-defined regions), as well as adaptive mesh refinement (AMR) based on gradients in parameters of interest such as temperature and velocity. The SAGE detailed chemistry solver 17 has been used in this study, along with a multi-zone approach to solving chemistry by grouping thermodynamically similar cells, as in Babajimopoulos et al. 23 and Kodavasal et al. 24 
CFD model details and engine specifications
All simulations in this work were performed with a 1/ 7th sector mesh, representing a single cylinder of a four-cylinder 1.9 liter diesel engine, whose specifications are given in Table 1 . The mesh is shown in Figure 1 . Simulations were done for the closed portion of the cycle going from intake valve closing (IVC) at 2132°c rank angle (CA) after top dead center (TDC), through exhaust valve opening (EVO) at 116°CA after top dead center (aTDC). The fuel surrogate used to model 87 AKI gasoline in this work is composed of 87% isooctane and 13% n-heptane by mass. Liu et al.'s 25 primary reference fuel (PRF) mechanism, composed of 48 species and 152 reactions, is used throughout. The geometric compression ratio (CR) of the engine is 17.8, and an effective CR of 17.5 is used in the simulations to account for possible blow-by effects to match experimental motoring pressure.
All the simulations were performed with a base mesh size of 0.7 mm, and with two levels of AMR based on temperature and velocity gradients. Furthermore, two levels of fixed embedding were included near the nozzle and boundaries. Thus, the minimum cell size within the domain is 0.175 mm. It was found in our previous work that for these RANS simulations, this resolution gave grid-converged results. 13 The multi-zone combustion model used standard bin sizes of 5 K in temperature and 0.05 in progress equivalence ratio, u, defined as follows by Babajimopoulos et al.
Here C # , H # , and O # represent the number of carbon, hydrogen, and oxygen atoms, respectively, present within a CFD cell. The subscripts -CO 2 and -H 2 O indicate that the C, H, and O atoms present in products of complete combustion (CO 2 and H 2 O) within the CFD cell are excluded from the computation of u. In equation (1), z# is the ratio of the number of oxygen atoms to the number of carbon atoms in the fuel, which is zero for non-oxygenated hydrocarbon fuels.
The CFD model with the settings and sub-models outlined above were validated against experiments in our previous work 13 for a low-load SOI timing sweep with fueling in the range of 10 mg/cylinder/cycle, and at an engine speed of 1500 r/min. The model is able to reproduce experimental pressure traces and heat release rates and also capture combustion phasing trends affected by SOI timing.
Operating conditions for the studies performed
All the studies in this work were performed at two operating conditions-an idle condition, 850 r/min, 4 mg/cycle/cylinder fueling, representing 0 bar BMEP, and a low-load condition, 1500 r/min, 10 mg/cycle/ cylinder fueling, representative of 2 bar BMEP. Component temperatures were set to 380 K, 400 K, and 400 K, respectively, for the liner, head, and piston. The exhaust gas recirculation (EGR) for both cases is taken as a combination of 5% internal residual and 5% external EGR from leakage. This kind of leakage is typical of EGR systems on production engines, particularly with use, and was estimated based on carbon dioxide concentration in the intake when the EGR valve was nominally closed. Under both these conditions, EGR is primarily air, due to significantly lean operation. The equivalence ratio for the idle-load condition is 0.14, and that for the lowload condition is 0.35, calculated based on the fueling and air trapped in the closed-cycle simulations. The IVC pressure for the low-load case was based on experimental measurements; however, the IVC temperature had to be increased to 400 K to phase combustion appropriately in the simulations. The same IVC pressure and temperature were used for the simulations of the idle condition. These two operating conditions are summarized in Table 2 . The rate shape for the low-load condition was based on experimental rate of injection (ROI) measurements and is shown in Figure 2 for an injection pressure of 250 bar. As an approximation, the same injection profile was used for the idle condition as well. The injection duration within the CFD code was adjusted to attain the desired injection pressure (although in experiments, the injection pressure would be the independent quantity, but this is not an input to the CFD simulation). 
Effect of nozzle inclusion angle
In this section, we study the effect of nozzle angle on ignitability and reactivity at both the idle-and low-load conditions. We define ignitability as the propensity of the charge to ignite, and this is a function of local reactivity of the charge, with the most reactive portions of the charge serving as the source of ignition. The operating conditions for the two cases are listed in Table 2 and baseline values are used for injection pressure (250 bar) and swirl ratio (1.7). Note that the SOI timings for the two operating conditions are different. The SOI timings for each case (218°aTDC for the idle case, and 230°aTDC for the low-load case) represent the timings which could sustain the lowest load in terms of BMEP while maintaining a coefficient of variation (COV) in net indicated mean effective pressure (IMEPn) under 3% as reported in Kolodziej et al. 12 The nozzle inclusion angle was varied from 70°to 160°i n this study. Figure 3 shows the variation of ignition timing (in terms of CA of 10% mass percent burned, CA10) with respect to nozzle inclusion angle for both operating conditions. From Figure 3 , it may be seen that the optimum nozzle inclusion angle for both operating conditions, for the SOI timings studied corresponding to the minimum fueling injection timing in experiments, is around 120°, and inclusion angles both wider and narrower than this result in reduced ignitability and retarding of ignition timing. An important caveat here is that this conclusion is for a given SOI timing, for this particular engine geometry, and for a single injection. We note later in this section that for narrower inclusion angles (70°), earlier injections help get to the earlier ignition timings obtained with the 120°nozzle. However, with the wider inclusion angles, there is a limited SOI window of stability, and the earliest ignition timings are still later when compared to the 70°or 120°cases. It must be noted that the piston bowl in this engine is a conventional diesel re-entrant type bowl, and the goal is to contain the fuel within the bowl. It must also be noted that both for the idle and the low-load cases, SOI timings are quite advanced compared to conventional diesel injection timings. For this diesel engine, the stock injector has a 148°nozzle inclusion angle.
In our previous work, 12 we showed that using a narrower nozzle inclusion angle of 120°, over the stock 148°inclusion angle under idle-load conditions helped to retain more fuel in the bowl versus the squish, resulting in an overall increase in reactivity. It was found that for the 120°nozzle inclusion angle, the fuel vapor interacts with the piston at a position significantly lower in the bowl than in the 148°nozzle case and is squarely contained within the bowl, whereas for the 148°case, the vapor impinges near the lip of the bowl. We noted that for the 120°case, combustion is confined within the bowl, mostly away from the walls of the piston, whereas for the 148°case, fuel vapor is also present near the head, and squish region of the cylinder, which have higher rates of heat loss. This results in reduced reactivity of the fuel (due to heat loss) for the 148°case and later ignition. We showed in a previous work 13 that fuel in the squish ends up being cooler than fuel in the bowl. One solution for this would be to retard the SOI timing for the 148°case (to keep more of the fuel in the bowl), but we showed in our previous work, 13 where we plot reduction in residence time with retarded SOI, that it is not desirable to retard SOI as this reduces the residence time for auto-ignition reactions, and also results in retarded ignition.
Thus, it is clear that wider nozzle inclusion angles are not desirable in conjunction with the relatively early SOI timings needed for GCI operation, as wider nozzle inclusion angles direct fuel into the squish region. It must be noted that this conclusion is based on the current piston geometry, which is a conventional diesel piston with a re-entrant bowl design. However, Figure 3 shows that inclusion angles narrower than 120°-110°a lso result in retarded CA10, for the SOI timing studied. Figure 4 shows the spray targeting at 213°aTDC for inclusion angles going from 120°down to 70°for the idle condition. Note that contours of equivalence ratio (fuel vapor) are shown. In Figure 4 , we see that the spray motion gets increasingly tangential with respect to the bowl with narrower nozzle angles. Figure 5 shows the equivalence ratio distribution at 9°a TDC. From Figure 5 , we note that a significant portion of the fuel vapor is directed near the head and squish regions for the narrower angles, which is not optimal considering the higher rates of heat losses associated with those regions. This results in reduced reactivity of the fuel due to higher heat losses, and thus serves to retard ignition.
A similar trend is observed at the low-load condition as well. Here, the commanded SOI timing is at 30°b efore top dead center (bTDC), and the SOI timing imposed in the CFD simulations is 27°bTDC to account for injector dynamics. Figure 6 shows the spray targeting at 217°aTDC for the low-load condition with 120°and narrower nozzle inclusion angles.
As in the idle case, narrower injection angles direct fuel vapor tangentially along the bowl, resulting in fuel ending up near the head and squish regions, as shown in Figure 7 . This results in higher rates of heat loss from the fuel mixture, and reduced reactivity with narrower nozzle angles, in turn resulting in longer ignition delays. However, it is interesting to evaluate how advancing the injection with narrower angles can keep more fuel in the bowl, and help attain earlier ignition timings. We have evaluated the variation in combustion phasing (CA50) with respect to SOI for 70°, 120°, and 150°noz-zle inclusion angles, for both the idle-( Figure 8 ) and low-load (Figure 9 ) cases. From these figures, we note that the simulations indicate that the 70°inclusion angle performs quite well at earlier injection timings. Thus, the optimum injection timing (in terms of attaining the earliest phasing) for these narrower inclusion angles seems to occur at earlier SOI timings as compared to the 120°case. It is also important to note that the 150°case has a very narrow window of stability in terms of SOI, and its earliest ignition timing is quite retarded when compared to the earliest ignition timings for the 120°and 70°cases. An additional case indicated as ''120°TH'' was also evaluated and is shown in the same figures. This case is identical to the 120°case, except for the fact that it has a standard top-hat (TH) injection profile, rather than the one shown in Figure  2 . Comparing the results against the 120°case that has the measured injection profile as in Figure 2 , we note that there is no significant difference in the ignition timing behavior. This is likely because unlike diesel combustion, the injection event is not as closely coupled to the ignition with GCI.
Effect of injection pressure
In this section, we study the effect of injection pressure on reactivity and ignitability of GCI under idle-and low-load conditions. Injection pressures ranging from 100 bar through 500 bar were evaluated. We simulated the variation in injection pressure by varying the injection duration supplied in the CFD model. Figure 10 shows the variation in CA10 and CA50 with injection pressure, going from 100 to 500 bar for both idle-and low-load conditions. The impact of injection pressure on ignition timing is not as strong as, for example, varying the nozzle angle as in the previous study. The effect on ignition timing for the idle condition is more apparent, with increased reactivity and earlier CA10/CA50 with the lowest injection pressures. The low-load case does not show much variation. Figure 11 shows the pressure traces and mass percent burned profiles for different injection pressures under idle conditions. With injection pressure of 100 bar, there is a marked increase in reactivity compared to injection pressure of 500 bar. To understand this better, we look at the differences in reactivity at the pre-ignition condition from non-reacting simulations corresponding to the reacting simulations for these two cases under idle conditions. This technique is similar to that used in refs, 13, [26] [27] [28] [29] where constant volume ignition delays computed within the pre-ignition reaction space, using an ignition delay correlation (in this case, we have used the Goldsborough correlation 30 ). These ignition delays are used as a proxy for reactivity at a given equivalence ratio and temperature. Note that this correlation is for iso-octane and the surrogate used in this study is PRF 87. The ignition delay here merely serves as a qualitative metric, a snapshot at pre-ignition, to compare reactivity, and does not account for temperature-time history effects, since the contents of CFD cells change through the compression process. Perhaps, a correlation for PRF 87, such as that developed recently by DelVescovo et al., 31 could also be considered. Figures  12 and 13 show the pre-ignition distribution (at 210°F aTDC) within the reaction space (in temperature and equivalence ratio) for the 100 and 500 bar injection pressure cases from non-reacting simulations. Each of the figures shows the reaction space colored by mass percentage of fuel (left side of figures) and reactivity (right side of figures) in a certain region of that space. Although both cases have the same global equivalence ratio of 0.1, since the injected fuel mass, and composition at IVC is the same, the 100 bar case has a higher fuel-mass weighted equivalence ratio of 1.78 compared to the 500 bar case, which has a fuel-mass weighted equivalence ratio of 0.79, due to better mixing with the latter. This results in higher local reactivity being retained with the lower injection pressure (Figures 12  and 13 ), and this is desirable, considering that reactivity is at a premium for GCI especially under idle conditions. Figure 14 shows the pressure traces and mass percent burned profiles for the low-load case with different injection pressures. We note that for the lowload case, the injection pressure (in the range studied here) does not have as big of an impact as under idle conditions. However, we note that at the lowest injection pressure (100 bar) studied here, the combustion significantly worsens. Figure 15 shows the reduction in residence time with respect to the 500 bar injection pressure case for the lower injection pressures studied, under both idle-and low-load conditions. As the injection pressure is lowered, the injection duration is increased (to maintain fueling), and this results in a later end of injection and reduced chemical residence time, particularly for the portions of the fuel injected at the end. We note from the figure that the reduction in Figure 12 . Pre-ignition (at 210°aTDC) stratification in equivalence ratio for 100 bar P inj under idle conditions. The dashed line indicates the fuel-mass weighted equivalence ratio which is 1.78 for this case. The plot on the left is colored by mass percentage of total injected fuel in a certain T-phi region, while the plot on the right is colored by constant volume ignition delays. Figure 11 . In-cylinder pressure and mass percent burned for idle-load operation with different injection pressures.
residence time is more for the low-load case compared to the idle case, due to the higher injected fuel mass. There is a tradeoff between better stratification and reduced residence time, which, in the 100 bar case for the low-load condition, seems to be dominated by the reduction in residence time effect.
Effect of boost
In this section, we study the effect of boost pressure on reactivity and ignitability of GCI under idle-and lowload conditions. Figure 16 shows CA10 and CA50 versus boost. As boost is increased, ignition timing advances for both the idle-and low-load conditions. This is expected, as charge reactivity increases with increasing pressure, accelerating ignition. Figure 17 shows the global equivalence ratio versus boost. Since fueling is the same, with increased boost, we have increased air mass at IVC, and hence lower global equivalence ratio; yet, we see more reactivity with boost, although our overall equivalence ratio is lower. Figures 18 and 19 show the pre-ignition reactivity plots (colored by fuel-mass percentage on the left and constant volume ignition delay on the right, of each figure) for the 1.15 and 1.50 bar intake pressure cases, respectively, for the low-load condition as an example. We note that although the overall equivalence ratio is lower with boost, the local reactivities (denoted by constant volume ignition delays) are much higher due to the higher pre-ignition pressures resulting from higher IVC pressure. GCI is a kinetically controlled combustion mode, and higher pressures would serve to accelerate chemical reactions leading to auto-ignition. This explains why CA10 and CA50 advance with boost. Figure 13 . Pre-ignition (at 210°aTDC) stratification in equivalence ratio for 500 bar P inj under idle conditions. The dashed line indicates the fuel-mass weighted equivalence ratio which is 0.79 for this case. The plot on the left is colored by mass percentage of total injected fuel in a certain T-phi region, while the plot on the right is colored by constant volume ignition delays. Figure 14 . In-cylinder pressure and mass percent burned for low-load operation with different injection pressures.
Effect of swirl ratio
In this section, we study the effect of swirl ratio on reactivity and ignitability of GCI under idle-and low-load conditions. The baseline operating conditions for both load points were chosen, and the swirl ratio values were varied from 0.7 to 2.0. The baseline value of swirl for both cases is 1.7.
From Figure 20 , we note that increasing the swirl ratio retards ignition for both the idle-and low-load conditions. The common thinking is that increasing the swirl ratio would enhance mixing, resulting in overleaning of the charge (reduced equivalence ratio stratification), and thus reduced reactivity. However, an analysis of the CFD results shows that this is not the case. Figures 21 and 22 show the pre-ignition reaction space at 210°aTDC from non-reacting simulations with the lowest swirl ratio (0.7) and the highest swirl ratio (2.0) under the idle condition as an example. The reaction space is colored by fuel-mass percentage on the left portion of the figures, and by constant volume ignition delays on the right. From the figures, we note that the stratification in the temperature-equivalence ratio is quite similar for the two cases, with the fuelmass weighted equivalence ratio being close to 1.0 for both cases. If there were overleaning of the charge with the higher swirl ratio, the fuel-mass weighted equivalence ratio for that case would be quite lower than that of the lower swirl ratio case. This indicates that the earlier CA10/CA50 and higher reactivity of the 0.7 swirl ratio case do not arise from higher local richness resulting from poorer mixing. Figure 23 shows the mean incylinder temperature for these two cases (non-reacting simulations of 0.7 swirl ratio and 2.0 swirl ratio, under idle conditions). From the figure, we note that there is roughly a 15 K difference in TDC temperatures, with the lower swirl ratio case having a higher temperature than the higher swirl ratio case. Higher swirl results in a higher rate of heat loss, particularly near TDC, which results in lower temperatures pre-ignition temperatures, causing a later CA10. Thus, perhaps it is desirable to maintain lower swirl ratios to maintain higher incylinder temperatures and aid GCI auto-ignition under idle to low loads.
Summary and conclusion
In this work, we analyzed the effects of injection and charge preparation parameters on GCI ignitability at idle and low-load conditions.
In our previous study, 12 we showed that the stock injector with an inclusion angle of 148°resulted in fuel entering the squish region, resulting in loss of reactivity and poor combustion. From that study, we concluded that a narrower, 120°nozzle inclusion angle kept the Figure 15 . Reduction in residence time, defined as the difference between end of injection timing (EOI) at a given P inj , versus EOI for the 500 bar P inj case. The figure shows that the reduction in residence time for the low-load case is higher than that for the idle-load case due to the higher injected mass. fuel vapor within the bowl region, resulting in more stable combustion. In this study, we showed numerically that going to even narrower nozzle inclusion angles also results in fuel vapor entering the squish region, by impacting the piston bowl tangentially for this engine, under the two operating conditions and injection timings studied in this work. This resulted in the narrower inclusion angles, also having less stable combustion. However, when the injection timing was further advanced with the narrower injection angle (70°), this yielded a comparable (slightly earlier) combustion phasing compared to the 120°inclusion angle. It is also worthwhile noting that the 150°inclusion angle case has a relatively narrow window of SOI where the mixture is ignitable, compared to the 120°a nd 70°inclusion angle cases. A sweep of injection pressures was performed, for each of the idle-and low-load conditions. The effect of injection pressure on ignition timing is not as strong as that of nozzle inclusion angle for either operating Figure 19 . Pre-ignition (at 210°aTDC) stratification in equivalence ratio for P IVC = 1.50 bar under low-load conditions. The dashed line indicates the fuel-mass weighted equivalence ratio which is 1.20 for this case. The plot on the left is colored by mass percentage of total injected fuel in a certain T-phi region, while the plot on the right is colored by constant volume ignition delays. Figure 18 . Pre-ignition (at 210°aTDC) stratification in equivalence ratio for P IVC = 1.15 bar under low-load conditions. The dashed line indicates the fuel-mass weighted equivalence ratio which is 1.40 for this case. The plot on the left is colored by mass percentage of total injected fuel in a certain T-phi region, while the plot on the right is colored by constant volume ignition delays.
condition, particularly for the low-load operating condition. Under the idle condition, it was found that lower injection pressures help to maintain higher local richness, preserving fuel reactivity, and promote ignition.
Boost was found to advance ignition under both operating conditions, by enhancing reactivity, through higher in-cylinder pressures. Increasing the swirl ratio results in retarded ignition under both operating conditions. This is not due to the overmixing of the fuel with higher swirl; rather, it is from the increased heat losses, resulting in lower near-TDC temperatures with enhanced swirl. Figure 22 . Pre-ignition (at 210°aTDC) stratification in equivalence ratio for swirl ratio = 2.0 under idle conditions. The dashed line indicates the fuel-mass weighted equivalence ratio which is 1.0 for this case. The plot on the left is colored by mass percentage of total injected fuel in a certain T-phi region, while the plot on the right is colored by constant volume ignition delays. Figure 21 . Pre-ignition (at 210°aTDC) stratification in equivalence ratio for swirl ratio = 0.7 under idle conditions. The dashed line indicates the fuel-mass weighted equivalence ratio which is close to 1.0 for this case. The plot on the left is colored by mass percentage of total injected fuel in a certain T-phi region, while the plot on the right is colored by constant volume ignition delays. Figure 20 . Ignition timing (CA10) and combustion phasing (CA50) versus swirl ratio for idle-and low-load conditions. It is seen that increasing swirl ratio retards the ignition.
